(JNCLASSIFIEr: 


AD-A204  479 


EPORT  DOCUMENTATION  PAGE 

J  Id  restrictive  markings  y"( 


2b.  OECLASSifiCATION/ DOWNGRADING  SCHEDULE 


n.  yiii:  i'- 


3.  OISTRlBUnON,  AVAILABILITY  Of  REPORT 


4  PERFORMING  ORGANIZATION  REPORT  NUM8ER(S) 


5  MONITORING  ORGANIZATION  REPORT  NUM8ER(S) 


6a  NAME  OF  PERFORMING  ORGANIZATION 

Naval  Postgraduate  School 


6c.  ADDRESS  (Gfy,  Stite.  and  ZIP  Code) 

Monterey,  CA  y3943-t000 


6o  OFFICE  SYMBOL 
(If  applicable) 

63 


7a,  NAME  OF  MONITORING  ORGANIZATION 


7b.  ADDRESS  (C/ty,  State,  and  ZIP  Code) 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

Chief  of  Naval  Research 


8c.  ADDRESS  (City.  Stare,  and  ZIP  Code) 

Arlington,  7A  u22i7-b00C 


8b  OFFICE  SYMBOL  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  applicable) 


l12z  PO 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM  PROJECT  TASK 

ELEMENT  NO.  NO.  NO 

NR083-275  N000l487 


ima 


11.  TITLE  (incluae  Security  Classification) 

Conti  ibution  of  Tropical  winds  to  Subseasonal  Fluctuations  in  Atmospheric  Angular  .Moinentum 
_  and  .  Lencrth  o 


12.  PERSONAL  AUTHOR(S)  _ _ _  ^  ^  . 


BENEDICT,  William  L.  and  HANEY,  Robert  L. 


1 3a.  .TYPE  OR  REPORT 

ouoiisned  pap 


paper 


14.j^l^^T|  OF^RE,POF^0^  Year,  Month,  Day;  j15  PAGE  COUNT  ^ 


16.  SUPPLEMENTARY  NOTATION 
Published  in; 


17  COSATI  CODES 


Journal  of  Geophysical  Research  (Atmos) 

Vol.  93,  No.  D12,  pp.  15,973-15,978,  Dec.  20,  1988 


18  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 
FIELD  i  GROUP  |  SUB-GROUP  |  Atmospheric  Angular  Momentum,  Length  of  Day, 

Tropical  Meteorology 


19  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 


Changes  m  the  globallv  iniegraied  angular  momemum  of  the  atmosphere  from  1983  to  1987  were 
computed  from  Fleet  Numencal  Oceanography  Center  wind  analyses  and  compared  to  astronomically 
measured  cnanges  m  length  of  dav  obtained  from  the  U.S.  Naval  Observatory.  In  agreement  with 
previous  stuuies.  the  two  time  senes  are  highly  conerent  and  in  phase  at  penods  ranging  from  40  days 
UD  to  the  longest  oenods  that  .are  resolved  by  the  data.  By  e.xamimng  the  contnbution  to  the  global 
atmospnenc  angular  moirentum  from  ihe  tropical  and  e,\tratropical  regions  separately,  it  is  found  that 
rtuctuations  m  me  Earth' s  ungular  momentum  and  length  of  day  at  subseasonal  penods  of  50-l(X)  days 
are  dominated  by  wind  changes  in  the  tropics. 


20.  DISTRIBUTION /availability  OF  ABSTRACT  21  ABSTRACT  SECURITY  CLASSIFICATION 

0  UNCLASSIFIED/UNLIMITEO  □  SAME  AS  RPT  Q  OTIC  USERS  UNCLASSIFIED 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL  22b  TELEPHONE  (Include  Area  Code)  22c.  OFFICE  SYMBOL 

Robert  L.  Hanev  (408)646-2308  63Hy 


00  FORM  1 473,  84  mar  83  apr  edition  may  be  used  until  exhausted.  SECURITY  CLASSIFICATION  OF  THIS  PAGE 

All  other  editions  are  obsolete  ,  ^  ^  om../  ..•e-aot-xai 

W:CLASSIFIED 


.lOL  KSAL  OF  Ol  OmySU  M.  KFSFAKCH.  VOI-.  NO.  1)12.  I’.XC.l.S  l.\‘)7.)-l‘i.')7K.  DHChMHhK  20.  I9XX 


Contribution  of  Tropical  Winds  to  Subseasonal  Fluctuations 
in  Atmospheric  Angular  Momentum  and  Length  of  Day 

Wll  I  I  AM  L.  Bl  NIIJIC  I  AND  RoBLRI  L.  HaNI.Y 

liiJi  iil  Ilf  \h'lciiriilii^\ .  \in  al  I'liM^iraJiniu  Schnot.  Munli’i  ry.  C'lilituniiii 

C'h;in};os  in  Ihe  iilobalK  inlcunilcd  angiihir  nionicnuini  of  I  he  ulmospheie  from  19S.f  to  19X7  were 
eompiiied  from  f  leet  Niimerieal  Oeeaiioeraphr  Center  vs ind  analyses  and  compared  to  astrr)nomically 
measured  changes  in  length  of  dav  obtained  from  Ihe  C.S.  Naval  Observatory.  In  agreement  with 
prev  tons  studies,  the  two  lime  series  are  highly  coherent  and  in  phase  at  periods  ranging  from  40  days 
up  to  the  longest  periods  that  are  resolved  b\  the  data.  By  evamming  the  contribution  to  Ihe  global 
atmospheric  angular  momentum  from  Ihe  tropical  and  exlratropieal  regions  separately,  it  is  found  that 
fluctuations  in  the  fiarth's  angular  momentum  and  length  of  day  at  subseasonal  periods  of  .'<0-100  days 
are  dominated  by  wind  changes  in  the  tropics. 


I .  Ini Rotn  i  i ion 

I  he  past  decade  has  hrouuht  a  signilieant  increase  in  our 
understanding  of  the  relationship  hetween  chtinges  in  the 
angular  momentum  of  the  titmosphere  ;ind  changes  in  the 
rotation  rate  of  the  Earth  (that  is.  the  length  ■'fdayi  kecent 
ev  idence  has  show  n  that  variations  in  the  length  of  d;iy  on 
time  scales  of  a  year  or  less  tire  almost  entirely  due  to 
meteorological  intluenccs.  This  is  not  only  true  for  variations 
at  the  annual  period,  which  represents  the  clearest  and 
largest  signal,  but  also  for  semitinnual  and  other  subseasonal 
periods  as  well  \l.amhcck  amt  CaTcnavc.  1977-  and 

.Su/v/i'i/t.  ISIS?.  ISIS.^;  Harm's  cl  at..  ISIS.?;  Eahanks  cl  a!.. 
ISIS.';  Maraan  c!  al..  l9S.sl.  Of  special  meteorological  inter¬ 
est  is  the  discos  ery  of  coherent  fluctuations  at  time  scales  of 
40-60  days  \h'cis.scl  amt  (lamhis,  19S0'.  Lan.vicy  cl  al..  I9SI ; 
Barnes  cl  al..  19S.?;  Ra.scn  ami  .Salsicin.  I9S.?;  Anderson  and 
Rosen.  19S?;  .V/ut/t/cu,  19S7.  19SS1  because  of  their  possible 
connection  to  the  well-known  4(1-  to  .^O-day  oscillations  in 
the  Iropiciil  w  ind  field  [Madden  and  Jalian.  1971.  1972;  l.an 
and  Chan.  I9S.‘';  Madden.  19S61. 

fhe  purpose  of  this  note  is  to  show  that  the  coherent 
relationship  between  (luctuations  in  atmospheric  angular 
momentum  ;ind  length  of  day  on  subseasonal  time  scales  is 
primarily  due  to  variatiytns  in  the  tropical  atmosphere.  Some 
of  the  studies  mentioned  earlier  have  already  addressed  the 
question  of  regional  contributions  to  fluctuations  in  atmo¬ 
spheric  iingular  momentum  and  length  of  day. For  example, 
Hianes  el  al.  |I9X?1  analy  zed  16  months  of  data  ;ind  found 
that  fluctuations  in  atmospheric  angular  momentum,  inte¬ 
grated  over  the  northern  and  southern  hemisphere,  respec¬ 
tively.  and  having  a  period  of  about  7  weeks,  were  in  phase 
and  were  highly  coherent  with  fluctuations  in  the  length  of 
day.  Ihe  lact  that  the  respective  contributions  from  Ihe 
northern  ;ind  stuithern  hemispheres  to  this  7-week  fluctua¬ 
tion  were  comparable  in  magnitude  and  similar  in  phtise 
strongly  suggested  that  (he  fluctuations  were  of  tropical 
origin.  Anderson  and  Rosen  \  I9X.4|  applied  a  Pand-p;iss  filler 
to  ^  years  of /on;il  wind  data  to  extimine  the  latitude-height 
structure  of  fluctuations  in  atmospheric  angular  momentum 
at  periods  of  40-60  dtiys.  I  hey  found  that  the  variations  were 
avsociated  with  wtivelike  motions  in  the  Iropiciti  upper 

Ibis  paper  is  not  siihicci  to  I  .S.  copyright.  I‘iihlisheil  in  I9XX  by 
the  .American  f/eophy  vital  I  nion. 
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troposphere  that  propagated  poleward  and  downward.  The 
largest  part  of  the  variance  (.?69f)  was  explained  by  a  single 
(propagating)  mode  of  variability  in  the  upper  and  middle 
troposphere  that  extended  from  about  20°S  to  60“N.  Addi¬ 
tional  contributions  to  the  band-pass  filtered  angular  momen¬ 
tum  fluctuations  came  from  the  high  latitudes  of  the  southern 
hemisphere.  Most  recently.  Madden  11987.  1988]  has  shown 
that  tropical  oscillations  in  the  wind  stress  are  of  sufficient 
amplitude  and  phase  to  account  for  the  observed  40-  to 
.xO-day  fluctuations  in  the  length  of  day.  Thus  existing 
evidence  already  indicates  that  the  tropics  are  important  for 
alTeciing  changes  in  the  length  of  day  at  subseasonal  time 
scales.  Ihe  present  note,  based  on  data  from  different 
sources  and  covering  different  time  periods  than  those  in 
other  studies,  complements  the  previously  mentioned  stud¬ 
ies  and  provides  further  evidence  that  subseasonal  changes 
in  the  length  of  day  are  due  to  meteorological  fluctuations  in 
the  tropics. 

2.  Data  and  Analysis 

The  relationship  between  changes  in  atmospheric  angular 
momentum  and  changes  in  the  length  of  day  is  based  on  the 
assumption  that  the  Earth  and  atmosphere  constitute  a 
closed  dynamical  system.  Thus  changes  in  the  total  angular 
momentum  of  Ihe  entire  atmosphere  should  he  accompanied 
by  equal  and  opposite  changes  in  the  angular  momentum  of 
the  solid  earth  (neglecting  oceans  and  the  Earth's  liquid 
core).  The  relationship  is  [Rosen  and  Salstein.  I98.?| 

/EOD„\ 

fiLOD,™  =  I  \  m  ( 1 ) 

where  6EOD,,„„  is  the  difl'erence  between  the  length  of  day 
and  the  standard  value  (LOD,,  =  86.4(K)  s).  ftM  is  the 
difference  hetween  the  angular  momentum  of  the  atmo¬ 
sphere  and  a  standard  value  (taken  equal  to  zero  as  by  Rosen 
and  Salstein  1198.?]).  toi,,  -  7.2921  x  10  '  s  '  is  the  mean 
sidereal  rotation  rale  of  Ihe  Earth,  and  /  is  Ihe  moment  of 
inertia  of  the  Earth's  mantle  and  crtist.  W  5M  is  in  kg  m’ s  '. 
and  6Ef)D  is  in  seconds,  the  constant  of  proportionality  in 
(1)  is  I.OD|,/(u,|/  -  1.68  X  10  In  (1)  the  subscript  "atm" 
is  used  tt)  indiciitc  the  length  of  day.  as  determined  by  the 
atmospheric  angular  momenltim.  The  tilmospheric  angular 
momentum  is  computed  from 
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u  here  a  is  the  mean  rttdius  of  the  fiarth  lb. .47  a  )()'’  m).  ,e  is 
the  aeeeleration  of  gravity  (9,81  ni  s  ').  |//|  is  the  /onally 
averaged  value  of  the  zonal  wind  component.  <b  is  latitude, 
and  />  is  pressure.  Combining  ( 1)  and  (2). 
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I'wice  dilily  globiil  analyses  of  the  zonal  winds  from 
January  198.4  through  June  1987  were  used  to  compute 
oL()D„,„  from  (4).  The  wind  analyses  were  obtained  from 
the  Fleet  Numerical  Oceanography  Center  (FNOC)  and  are 
based  on  the  Navy  Operational  Global  Atmospheric  Predic¬ 
tion  System  [Rosmond.  1981 1.  The  analyses  are  prepared  on 
nine  standard  pressure  levels  ( 1000.  8.50.  700.  500.  400.  .400. 
2(K).  150.  and  KKI  mbar.  and  at  2.5°  latitude-longitude  grid 
intervals,  (  he  archived  data  had  few  (less  than  45f )  missing 
aniilv  ses.  All  of  the  missing  wind  analyses  were  spaced  such 
that  linear  extrapolation  of  the  mising  winds  could  be  made. 
The  resulting  time  series  of  5LOD.„^  was  smoothed  with  a 
three-point  running  iverage  filter  and  decimated  to  1622 
elements  (that  is.  one  value  per  day). 

Measured  values  of  the  length  of  day  (denoted 
^1T)D,  .,v;,,)  for  the  period  January  1984  through  June  1987 
were  obtained  from  the  U.S.  Naval  Observatory.  Washing¬ 
ton.  ().('.  Karth  rotation  measurements  have  significantly 
improved  since  the  adoption  of  Monitor  Earth  Rotation  and 
Intercomparison  of  Techniques  of  Operation  and  Analysis 
I  MfiRTT)  standards  by  both  the  U..S.  Naval  Observatory  and 
the  Bureau  of  International  de  THeure  (BIH)  in  1984.  These 
stiindards  include  recently  developed  and  internationally 
accepted  values  for  solid-body  tidal  terms,  rotational  con¬ 
stants.  and  measurement  techniques  [Melhonrnc  et  «/.. 
I984|.  In  addition  to  the  classical  methods  for  determining 
the  length  of  day  (optical  astronometry).  the  new  methods  of 
lunar  laser  ranging,  very  long  baseline  interferometry,  and 
satellite  laser  ranging  were  added  to  produce  extremely 
iiccurate  values  of  length  of  day  as  well  as  other  Earth 
rotation  parameters.  The  U..S.  Naval  Observatory  length- 
of-day  data  compare  well  with  the  BIH  data  from  1984  to  the 
present. 


Time  scries  of  5LOD.„„,  and  SLOD^isno  during  the  4.5- 
year  period  of  this  study  are  shown  in  Figure  1 .  Both  time 
series  have  been  detrended  [Bcndcit  and  Piersol.  1971).  and 
their  respective  means  have  been  removed  before  plotting. 
The  />LODi  sNo  had  a  small  downward  trend  associated 
with  decadal  fluctuations  in  the  length  of  day  caused  by 
coreshell  coupling  [Miink  and  Mi  Donald.  I960;  Lamheck. 
19801.  while  the  atmospheric  wind  data  had  no  trend.  The 
two  time  series  are  very  highly  correlated,  with  the  most 
pronounced  signals  at  the  annual  and  semiannual  periods 
IMiink  and  McDonald,  I960].  Interannual  variability  is  also 
apparent  in  the  form  of  abnormally  longer  days  during  the 
early  months  of  1984  and  of  1987.  The  anomalously  high 
values  in  early  1984  also  appear  in  other  data  sets  [e.g.. 
Morgan  el  id..  1985],  and  they  have  been  linked  to  the 
1982-1984  El  Nino  [Ro.ven  et  id..  1984;  Wolf  and  Smith. 
1987].  It  is  therefore  quite  possible  that  the  abnormally  high 
values  during  the  early  part  of  1987  are  likewise  associated 
with  the  1986-1987  equatorial  warm  event  [Koii.iky.  1987). 
The  high-frequency  variation  in  the  SLODlsno  btiic  series 
is  due  to  a  tidal  oscillation  at  14-day  period  that  was  not 
filtered  out  of  the  original  data. 

A  spectral  analysis  was  used  to  study  the  relationship 
between  5LOn,„„  and  '^EODl.s.no  a  function  of  fre¬ 
quency.  The  data  were  processed  and  the  spectral  analysis 
was  carried  out  using  the  fast  Fourier  transform  (FFT) 
methods  described  by  Eahanks  et  al.  [1985,  section  4].  To 
use  FFT  methods,  each  time  series  was  extended  from  1622 
to  2048  data  points,  following  the  procedures  given  by 
Eahanks  et  al.  ]  I985|.  The  resulting  spectral  estimates./],,  n 
=  I,--  -  1024.  were  smoothed  with  a  seven-point  unweighted 
moving  average  to  give  14  degrees  of  freedom  for  calculating 
confidence  and  significance  levels.  Although  this  spectral 
smoothing  in  the  presence  of  a  pronounced  annual  and 
semiannual  signal  certainly  distorts  the  spectrum  of  low 
frequencies,  it  increases  the  statistical  reliability  of  the 
spectrum  at  subseasonal  periods,  which  is  the  main  focus  of 
the  study. 

The  results  of  the  spectral  analysis  of  6LOD^;sN()  and  the 
global  quantity  (Figure  2)  are  in  very  good  agree¬ 

ment  with  the  comprehensive  spectral  analysis  of  similar 
global  data  from  1977  to  1982  by  Eahanks  et  al.  [1985].  In 
particular,  the  power  spectral  density  estimates  of  both  time 
series  are  proportional  to  the  inverse  frequency  squared  for 
periods  between  about  4  days  and  1  year.  The  power  spectra 
have  broad  peaks  at  the  annual  and  semiannual  periods  as 
well  as  at  subseasonal  periods,  centered  near  75  and  50  days. 
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Kig.  2.  (Topi  Power  spectral  density  of  5LOD^,sNo  Isolid  curve)  and  5l,OD„|„,  (dashed  curve)  and  (middle)  the 
coherence  and  (bottom)  the  phase  between  SLOD^sno  <*0^^  ^L()D„|,„.  Dashed  curves  in  the  phase  plot  are  5-day  lead 
(upper  curvel  and  5-day  lag  (lower  curve)  of  i5LOD,;snc)  "'dh  respect  to  i5LOD„^.  The  95(T  confidence  intervals  and 
levels  arc  shown. 


The  slight  difference  in  power  between  fiLOD.„n,  and 
5LOD,  at  the  lower  frequencies  is  probably  due  to  the 
neglect  of  stratospheric  winds  in  computing  8LOD.,,n,.  Thus 
the  tropical  stratosphere  quasi-biennial  oscillation,  which  is 
no  doubt  reflected  in  the  data,  is  not  present  in 

the  8LOD,„„,  data.  As  given  by  Euhank.s  el  cil.  (1985),  the 
coherence  is  significantly  high,  and  the  phase  is  essentially 
zero,  from  the  lowest  periods  resolved  by  the  data  to  periods 
as  short  as  40  days.  There  is  also  a  significant  dip  in  both  the 
pcV.  cr  ’id  (he  coherence  at  a  period  of  100  days. 

In  order  to  investigate  the  contributions  to  5LOD„,n,  from 
the  tropics  and  extratropics  separately,  the  polc-to-pole 
integration  over  latitude  in  (.1)  was  split  into  two  parts,  one 
over  the  tropics  (2(TS  to  20'’N )  and  one  over  the  extratropics 
(9(r-20'S  plus  2(r-9(rN).  Thus 

8LOD„„  --  81  (1) 

where  8L()D,„,„i  represents  the  contribution  from  the  trop¬ 
ics  and  represents  the  contribution  from  the 


extratropics.  The  spectral  analysis  of  the  tropical  and  extra- 
tropical  contributions  to  SLOD^^,  is  shown  in  Figures  3  and 
4,  respectively.  Looking  first  at  the  low-frequency  part  of 
both  spectra,  it  can  be  seen  that  the  power  spectral  density 
of  5LOD.„„,,  and  6LOD.,ir„2  ‘‘ce  both  less  than  that  of 
SLODusno  •  ^nd  therefore  also  less  than  that  of  SLOD.,,^ .  at 
all  periods  equal  to  or  greater  than  semiannual.  This  implies 
that  low-frequency  (that  is.  annual)  fluctuations  in  the  angu¬ 
lar  momentum  of  the  atmosphere  as  a  whole,  and  in  the 
length  of  day,  are  affected  by  wind  changes  in  both  the 
tropics  and  extratropics.  This  result  is  consistent  with  the 
study  by  Rosen  and  Salsiein  (1983|.  which  shows  (their 
Figure  9)  more  geneially  the  contribution  of  various  latitude 
bands  to  annual  fluctuations  in  the  Earth's  angular  momen¬ 
tum. 

Bv  contrast,  the  major  eonti  ibution  to  changes  in 
SLOD„,„,  at  subseasonal  periods  originates  almost  entirely  in 
the  tropics.  This  is  seen  in  Figures  3  and  4.  where  the  power 
spectral  density  of  the  tropical  contribution.  8LOD,,|„,|,  at 
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periods  of  40-l(K)  days  is  essentially  the  same  as  that  of 
5LOD„„.  while  the  spectral  power  of  the  extratropical 
contribution.  5LOD,,„n;.  is  significantly  less.  At  a  period  of 
about  75  days,  for  example,  the  spectral  power  of  SLOD.„„,, 
is  almost  an  order  of  magnitude  greater  than  that  of 
<5LOD,.,„:..  In  addition,  the  coherence  between  5LOD.,„„, 
and  5LODt  sNt)  <*•  these  periods  is  significantly  high  (almost 
as  high  as  the  coherence  between  5LOD.„n,  and 
6L()D,  sNo)-  while  the  coherence  between  6LOD.„^2  iind 
SLODisno  i'’  insignificant.  Finally,  the  phase  between 
i5LOD„„,,  and  (5LODi  sno  I*'  consistently  near  zero,  while 
the  phase  between  5LOD„„„_,  and  SLODi  sno  varies  wildly 
across  the  spectrum.  The  strong  and  significant  relationship 
between  SLOD,,,,,,  and  (5LOD,  sno  subseasonal  periods, 
together  with  the  absence  of  a  similar  relationship  between 
(5L0D,„„,2  and  6LOD,  sno'  clearly  shows  that  nearly  all  of 
the  contribution  to  subseasonal  changes  in  the  global  angular 
momentum  of  the  atmosphere  comes  from  fluctuations  in  the 
tropics.  The  direct  association  between  the  angular  momen¬ 
tum  of  the  global  atmosphere  and  length  of  day  at  these 
periods,  shown  by  previous  studies  as  well  as  here,  therefore 
implies  that  subseasonal  fluctuations  in  the  length  of  day  are 


almost  entirely  forced  by  meteorological  events  in  the  trop¬ 
ics. 

3.  Discussion 

Recent  studies,  made  possible  by  precise  timekeeping  and 
astronomical  measurements  of  the  rotation  rate  of  the  Earth, 
have  shown  that  changes  in  the  length  of  day  on  time  scales 
of  a  year  or  less  are  almost  entirely  due  to  meteorological 
causes.  The  present  note  simply  serves  to  emphasize  the 
important  role  of  meteorological  events  in  the  tropics  in 
producing  length-of-day  changes  at  subseasonal  time  scales. 
The  importance  of  the  tropics  for  subseasonal  fluctuations  in 
the  length  of  day  had  previously  been  suggested  by  the  work 
of  Barnes  ei  al.  1 19831  and  Anderson  and  Rosen  (19831. 

An  obvious  weakness  of  the  present  note  is  the  fact  that 
we  have  not  investigated  the  physical  nature  of  the  meteo¬ 
rological  events  in  the  tropics  that  are  responsible  for 
producing  the  observed  changes  in  length  of  day.  Nor  have 
we  in'-ectigated  the  possible  mechanisms  by  which  the 
angular  momentum  of  the  atmosphere  is  actually  transferred 
to  the  solid  Earth.  Such  an  extensive  investigation  is  beyond 
the  scope  of  this  short  report.  However,  as  noted  by  Barnes 
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Fig.  4.  As  in  Figure  2.  except  for  6LOD,jsno  SLOD^,^,. 


ct  al.  [1983]  and  Anderson  and  Rosen  [1983],  the  most 
relevant  meteorological  phenomenon  that  could  be  influ¬ 
encing  the  atmospheric  global  angular  momentum  at  these 
subseasonal  periods  is  the  well-known  atmospheric  40-  to 
50-day  oscillation  in  the  tropics  [Madden  and  Julian,  1971, 
1972).  This  hypothesis  is  strongly  supported  by  the  recent 
studies  of  Madden  [1987,  1988]  which  specifically  link  40-  to 
50-day  variations  in  angular  momentum  and  length  of  day  to 
frictional  torques  at  the  surface  of  the  Earth  driven  by 
convection  associated  with  these  waves.  Whether  the  same 
tropical  phenomenon  is  active  at  somewhat  longer  periods 
(75-l(K)  days)  is  not  clear.  Finally,  we  have  not  explored  the 
vertical  structure  of  the  contributions  to  6LOD,„^,  but  it 
seems  safe  to  assume  from  the  work  of  Rosen  and  Salstein 
[1983)  that  the  major  contribution  comes  from  the  upper 
troposphere.  It  therefore  appears  that  further  advances  in 
our  understanding  of  the  specific  meteorological  processes 
associated  with  changes  in  the  length  of  day  will  depend  on 
the  availability  of  accurate  wind  analyses  in  the  tropical 
upper  troposphere  and  lower  stratosphere. 
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